Abstract. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a primary anticancer agent and a member of the tumor necrosis factor family that selectively induces apoptosis in various tumor cells, but not in normal cells. Gingerol is a major ginger component with anti-inflammatory and anti-tumorigenic activities. Autophagy flux is the complete process of autophagy, in which the autophagosomes are lysed by lysosomes. The role of autophagy in cell death or cell survival is controversial. A549 adenocarcinoma cells are TRAIL-resistant. In the present study, we showed that treatment with TRAIL slightly induced cell death, but gingerol treatment enhanced the TRAIL-induced cell death in human lung cancer cells. The combination of gingerol and TRAIL increased accumulation of microtubule-associated protein light chain 3-II and p62, confirming the inhibited autophagy flux. Collectively, our results suggest that gingerol sensitizes human lung cancer cells to TRAIL-induced apoptosis by inhibiting the autophagy flux.
Introduction
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a cytokine, a member of the tumor necrosis factor family and a selective inducer of apoptosis in a range of tumor cells (1) . TRAIL binding to its receptors results in activating the death receptors (DR) including DR4 or DR5 to induce the receptor trimerization and recruit the Fas-associated death domain protein, which leads to the activation of the caspase cascade (caspase-8, -9, -10, and -3) to transmit the cell death signal (2, 3) . TRAIL is a promising anticancer agent with the ability to selectively induce apoptosis in various tumors, but not in most normal cells (4) . However, A549 cells show resistance to the apoptotic effects of TRAIL (5) .
The biochemical and pharmacological properties of gingerol, a natural ginger component, include antioxidant, antiinflammatory, and anti-tumorigenic activities (6, 7) . Gingerol treatment results in mitochondrial damage and inhibits cell survival pathways in colorectal cancer cells (8) . Gingerol has an anti-tumorigenic effect by inducing apoptosis in tumor cells (9) (10) (11) . However, the exact apoptosis-inducing molecular mechanism of gingerol remains unknown.
Autophagy is a self-degradation mechanism responsible for cell death and survival (12) . Autophagy flux is the complete autophagy process, starting with formation of autophagosomes around the cargo, fusion of the autophagosome with lysosomes, and degradation and recycling of the cargo (13, 14) . Microtubuleassociated protein 1 light chain 3 β (also called ATG8), which is a ubiquitin-like protein, is necessary for autophagosome formation and is widely used as an autophagy marker (15, 16) . p62/SQSTM1, also known as a ubiquitin-binding protein, integrates into the autophagosome by directly attaching to LC3-II and is degraded by autophagy (17) . Inhibiting autophagy increases p62 levels (18) . Many anticancer drugs upregulate autophagy, leading to uncontrolled tumors (19) (20) (21) . Recent studies have shown that pharmacologically or genetically inhibiting autophagy increases the effects of radiotherapy and chemotherapy (22) (23) (24) , suggesting that inhibiting autophagy is a favorable cancer treatment strategy. Anti-malarial and anti-rheumatoid arthritis drugs (chloroquine) act as autophagy inhibitors during cancer therapy (25, 26) . Chloroquine prevents lysosome acidification and fuses with autophagosomes as a result of degradation of the metabolic stress products, thereby inducing apoptosis (27) (28) (29) (30) .
Our study determined that gingerol sensitized TRAILinduced apoptosis in TRAIL-resistant A549 cells by inhibiting the autophagy flux. Treatment with gingerol or TRAIL alone did not influence cell death; thus, we examined whether co-treatment of gingerol with TRAIL had more of an effect on A549 lung adenocarcinoma cells. We investigated the sensitizing effect of gingerol on TRAIL-induced apoptosis in A549 lung adenocarcinoma cells by inhibiting the autophagy flux. Cell viability test. The A549 cells were plated at a density of 1.0x10 4 cells in 12-well plates and were incubated at 37˚C for 24 h. The A549 cells were pretreated with gingerol in a dose-dependent manner (0, 10, 20, and 40 µM). After the 12-h gingerol pretreatment, the recombinant TRAIL (100 ng/ml) protein was added and co-incubated for 2 h. The cells were also pretreated with chloroquine (10 µM) for 1 h followed by gingerol treatment. The cell morphology was photographed under a microscope (inverted microscope; Nikon, Japan) and the cell viability was determined using the crystal violet staining method. The cells were stained with a staining solution (0.5% crystal violet in 30% ethanol and 3% formaldehyde) for 10 min at room temperature, washed 4 times with PBS and dried. Then, the cells were lysed with a 1% SDS solution and measured at an absorbance of 550 nm. The cell viability was calculated from relative dye intensity and it was compared with the control.
Materials and methods

Cell
Western blot assay. The A549 cell lysates were prepared by harvesting the cells, washing them in cold PBS, resuspending in a lysis buffer [25 mM HEPES (pH 7.4), 100 mM EDTA, 5 mM MgCl 2 , 0.1 mM DTT, and a protease inhibitor mixture], and sonicating the lysate. The proteins (35 µg) were separated on a 10-15% SDS gel and transferred to a nitrocellulose membrane. After 1 h of incubation with a 1:1,000 primary antibody dilution buffer (1% milk with PBS-Tween-20), the membranes were developed by enhanced chemiluminescence using a secondary antibody. The antibodies used for immunoblotting were LC3 (Novus Biologicals, Littleton, CO, USA), anti-p62 (Millipore Corp., Milford, MA, USA), cleaved caspase-3 (Cell Signaling Technology, Danvers, MA, USA), and β-actin (Sigma-Aldrich). Images were examined using a Fusion-FX7 imaging system (Vilber Lourmat, Marne-la-Vallée, France).
Immunocytochemistry (ICC).
The A549 cell lines were cultured on a glass coverslip and treated with gingerol, chloroquine and/or TRAIL, washed with PBS and fixed with 3-4% paraformaldehyde in PBS for 15 min at room temperature. The cells were then washed twice in ice cold PBS, the samples were incubated for 10 min in PBS containing 0.25% Triton X-100 and the cells were washed with PBS 3 times for 5 min. The cells were blocked with 1% BSA in PBST for 30 min, incubated with the primary antibodies (LC3 and anti-p62, diluted in 1% BSA in PBST) in a humidified chamber for 1 h at room temperature or overnight at 4˚C, the solution was decanted and then the cells were washed with PBS 3 times for 5 min. The cells were incubated again with the secondary antibody in 1% BSA for 1 h at room temperature in the dark and the secondary antibody solution was decanted and washed with PBS 3 times for 5 min. The cells were incubated with DAPI for 1 min and rinsed with PBS. Finally, the cells were mounted with a fluorescent mounting medium and visualized via a fluorescence microscope.
Statistical analysis. The unpaired t-test or the Welch's correction were used for comparison between two groups. For multiple comparison, the one-way ANOVA followed by the Tukey-Kramer's test was used. All statistical analysis was performed using GraphPad Prism software. Results were considered to be statistically significant for values * P<0.05, ** P<0.01.
Results
Gingerol enhances TRAIL-induced apoptosis in A549 cells.
We investigated the effects of gingerol co-treatment on TRAIL-induced apoptosis in A549 lung adenocarcinoma cells. The cells were pretreated with the indicated doses of gingerol for 12 h and were treated with the TRAIL protein for an additional 2-h. We photographed the cells to investigate the cell morphological changes using a light microscope and the crystal violet assay. As shown in Fig. 1 , TRAIL treatment alone either did not or only slightly induced cell death, indicating that the A549 cells are highly resistant to TRAILinduced apoptosis, but gingerol enhanced TRAIL-induced apoptosis in a dose-dependent manner. The cell morphology also supported this enhanced effect of gingerol, showing that the combination of TRAIL and gingerol enhanced the number of the apoptotic cells compared with that of gingerol or TRAIL alone (Fig. 1A) . The TRAIL and gingerol co-treatment reduced cell viability and significantly increased apoptosis in the A549 cells (Fig. 1B and C) . These results indicate that gingerol increased TRAIL-induced apoptosis in TRAIL-resistant A549 cells.
Gingerol inhibits autophagy flux in lung adenocarcinoma cells.
To investigate the effect of gingerol on autophagy flux, we treated the A549 cells with gingerol in a dose-dependent manner for 12 h and with TRAIL for an additional 2-h. All the cell lysates were subjected to western blot analysis to determine changes in LC3-II and p62. LC3-II expression is a marker for complete autophagosomes. p62 is a ubiquitin-binding protein involved in lysosome-or proteasome-dependent protein degradation. Treatment with increasing gingerol concentrations for 12 h resulted in a dose-dependent increase in LC3-II and p62 levels in the A549 cells (Fig. 2A) . The density graphs of the protein levels in LC3-II and p62 were also dose-dependently changed (Fig. 2B and C) . The combined TRAIL and gingerol treatment enhanced the LC3-II and p62 levels compared with those of gingerol or TRAIL alone (Fig. 2D) . The density graphs of the protein levels in LC3-II and p62 were also increased in combined TRAIL and gingerol treatment ( Fig. 2E and F) . The ICC results showed that co-treatment of gingerol with TRAIL enhanced LC3-II and p62 protein levels compared to those of gingerol or TRAIL treatment alone (Fig. 2G) .
Gingerol-mediated enhancement of TRAIL-induced cell death by inhibiting autophagy flux.
We used chloroquine to investigate the effect of gingerol-mediated enhancement of TRAIL-induced cell death in A549 lung adenocarcinoma cells. The cells were pretreated with the indicated gingerol doses for 12 h and then treated with the TRAIL protein for an additional 2-h. The cells were also pretreated with chloroquine for 1 h followed by gingerol treatment. We photographed the cells to investigate the morphological changes using a light microscope and the crystal violet assay. As shown in Fig. 3 , treating the A549 cells with either TRAIL or gingerol alone slightly enhanced cell death, but combined treatment with TRAIL and chloroquine strongly enhanced cell death. The cell morphology results also supported this enhanced cell death effect by TRAIL and chloroquine compared to that of gingerol or TRAIL alone (Fig. 3A) . The combined treatment of chloroquine and TRAIL reduced cell viability and significantly increased cell death in the A549 lung cancer cells (Fig. 3B and C) . These results indicate that gingerol-mediated enhanced TRAIL-induced cell death by inhibiting the autophagy flux.
Gingerol-mediated enhancement of the TRAIL-induced apoptotic pathway by inhibiting the autophagy flux. We investigated the effect of gingerol-mediated enhancement of the TRAIL-induced apoptotic pathway by inhibiting the autophagy flux with chloroquine. The cells were pretreated with the indicated doses of gingerol for 12 h and were treated with the TRAIL protein for an additional 2-h. The cells were also pretreated with chloroquine (10 µM) for 1 h followed . Gingerol mediates enhancement of the TRAIL-induced apoptotic pathway by inhibiting the autophagy flux. The A549 cells were pretreated with gingerol (40 µM) for 12 h and then treated with 100 ng/ml of the TRAIL protein for an additional 2-h. The cells were also pretreated with chloroquine for 1 h followed by gingerol treatment. The cells were harvested and analyzed by western blot analysis to determine the LC3-II, p62 and activated caspase-3 expression levels (A). The bar graph indicates the averages of the LC3-II/LC3-I, Ac-cas3/β-actin and p62/β-actin ratio (B, C and D). β-actin was used as the loading control. Representative immunocytochemistry in the A549 cells after co-treatment with chloroquine (1 h), gingerol (12 h) and 100 ng/ml of TRAIL (2 h) (E). ** P<0.01, significant difference between the control and each treatment group. Ging, gingerol; TRAIL, tumor necrosis factor (TNF)-related apoptosis-inducing ligand; CQ, chloroquine; Ac-cas3, activated-caspase-3. by gingerol treatment. As shown in Fig. 4A , the gingerol and TRAIL co-treatment increased the LC3-II level. Treatment with chloroquine alone also greatly increased the LC3-II level. The combined treatment of TRAIL and chloroquine resulted in more LC3-II compared to that of gingerol or TRAIL alone. The gingerol and TRAIL co-treatment increased the p62 level. Furthermore, the combined treatment of TRAIL and chloroquine increased the p62 levels more than that of chloroquine or TRAIL alone, confirming that gingerol inhibits the autophagy flux in A549 cells. The gingerol and TRAIL co-treatment inhibited cell viability and significantly enhanced apoptosis in the A549 cells. These results were confirmed by the intracellular apoptosis indicator cleaved caspase-3. The density graphs of the protein levels in LC3-II, caspase-3 and p62 were also changed in combined TRAIL and chloroquine treatment (Fig. 4B, C and D) . The ICC results showed that the TRAIL and chloroquine combined treatment increased the LC3-II and p62 levels compared to those of chloroquine or gingerol alone (Fig. 4E ).
Discussion
The purpose of the present study was to investigate the function of gingerol and gingerol and TRAIL co-treatment on the inhibition of autophagy flux and the regulation of TRAIL-mediated sensitivity by gingerol in A549 human adenocarcinoma cells. The results suggest that gingerol sensitizes TRAIL-induced apoptosis in A549 lung adenocarcinoma cells by inhibiting autophagy flux.
TRAIL is a promising anticancer agent with the ability to selectively trigger apoptosis in various tumors, but not in most normal cells. The therapeutic potential of TRAIL is being tested in various clinical trials (31) . Induction of apoptosis requires additional treatment with other chemotherapeutic agents, which however, damage the normal cells. Gingerol has antiemetic, antipyretic, anticancer and anti-inflammatory activities (32, 33) . Furthermore, it is not significantly toxic to normal cells, but it reduces rat liver tumor growth and induces apoptosis via a TNF-α-mediated pathway (34) . Autophagy is a self-degradation mechanism responsible for cell death or survival. Autophagy flux is the complete process of autophagy, and A549 cell proliferation was impaired by chloroquine, which is an autophagy inhibitor, suggesting that A549 cells may be dependent on the autophagy pathway.
treatment enhanced the LC3-II and p62 levels compared to that in the control by inhibiting the autophagy flux (F Jin et al (5) showed that the A549 cells are resistant to the apoptotic effects of TRAIL. We observed that gingerol or TRAIL alone either did not or only slightly induced death of the A549 adenocarcinoma cells. However, the combined treatment of gingerol and TRAIL strongly induced death in the A549 cells (Fig. 1) . Some studies have shown that TRAIL induces autophagy in various types of cancer cells (35, 36) . However, our results indicate that treatment with increasing concentrations of gingerol or TRAIL alone resulted in a dose-dependent increase in the LC3-II and p62 levels in the A549 adenocarcinoma cells. The combined TRAIL and gingerol ig. 2). Gingerol promotes TRAIL-induced apoptosis in gastric cancer cells (37) . Pharmacological or genetic inhibition of autophagy induces death in various cancer cells, and we investigated the sensitivity of A549 cell proliferation to pharmacological inhibition of autophagy with chloroquine. Co-treatment with gingerol and TRAIL increased the LC3-II and p62 levels. Furthermore, TRAIL and chloroquine combined treatment increased the LC3-II and p62 levels compared to those of chloroquine or gingerol alone. These results were confirmed by the intracellular apoptosis indicator cleaved caspase-3 (Figs. 3 and 4) .
In conclusion, gingerol induces apoptosis in A549 cells by inhibiting the autophagy flux. The combination of gingerol and TRAIL strongly enhanced apoptosis in TRAIL-resistant A549 cells, suggesting that gingerol sensitizes TRAIL-induced apoptosis in TRAIL-resistant A549 adenocarcinoma cells by inhibiting the autophagy flux.
